The effect of Co interlayers in -Fe͑001͒/Co/MgO/Co/Fe-magnetic tunnel junctions is studied by first-principles calculation. We confirm that the Co layers inserted at the two Fe/MgO interfaces strongly influence the interfacial resonance ͑IR͒ states and the tunneling magnetoresistance ͑TMR͒. The effect is not monotonic. Strongest IR occurs at Co layer thickness of 0.5 monolayer ͑ML͒. With 1 ML Co, the IR is dramatically reduced and TMR ratio is maximized.
The discovery of tunneling magnetoresistance ͑TMR͒ effect [1] [2] [3] in magnetic tunnel junctions ͑MTJs͒ raised both scientific and commercial interest and accelerated the development of spin-electronics devices. One of recent breakthroughs was the recognition of the fact that the spindependent tunneling is not only determined by the properties of the ferromagnetic electrode but also depends on the electronic structure of the insulator barrier as well as the electrode/barrier interfaces. TMR ratio of over 1000% was predicted in epitaxial Fe͑001͒/MgO͑001͒/Fe͑001͒ MTJs by first-principles calculations. 4 Experimental samples 5-8 using the MgO͑001͒ barrier now have achieved the TMR ratio of over 500% at room temperature.
The quality of the electrode/barrier interfaces is crucial for avoiding the formation of FeO at Fe/MgO interfaces to achieve high TMR ratio. 9 Furthermore, first-principles theory shows that the interfacial resonance ͑IR͒ states, also called hot spots, which mainly contribute to the conductance of minority-spin channel for parallel ͑P͒ configuration and both spin channels for antiparallel ͑AP͒ configuration, can dramatically reduce the TMR at zero bias. 4, 10, 11 Thus eliminating the IR contribution by modification of the interface has been considered theoretically, 11 for example, by inserting thin Ag interlayers of 1 monolayer ͑ML͒ thickness at the Fe/MgO interfaces. However, Ag is not the best choice to use as an interlayer because it has strong spin-orbit coupling which would generate more spin-flip scattering.
A very small mismatch of the lattice constant between experimental bulk bcc Co ͑2.82 Å͒ and Fe ͑2.86 Å͒, and same majority-spin ⌬ 1 electron filter effect in MgO͑001͒ for Co electrode as Fe, 4, 12 makes Co a very good candidate for use as the interlayer at the junction interface. Experimental reports of giant TMR in systems of fully epitaxial -Fe͑001͒/ Co/MgO/Fe-and -Fe͑001͒/Co/MgO/Co/Fe-junctions with bcc Co͑001͒ "electrodes" 7, 13 show higher TMR ratios compared with similar epitaxial Fe/MgO/Fe MTJs. Although theoretically the Co electrodes have proven to be superior to the Fe electrodes, 12 the Co layers of 0.57 nm ͑about 4 ML͒ in Refs. 7 and 13 are more likely to act as interlayers instead of electrodes if we compare them with the thick Fe electrodes on both sides of the junctions.
In this paper, we present first-principles calculations in symmetric epitaxial -Fe͑001͒/Co/MgO/Co/Fe-MTJs. We find that by inserting ultrathin Co layers in the two Fe/MgO interfaces with certain thicknesses; the TMR can be greatly enhanced due to the suppressed IR effect. The calculation provides a theoretical explanation for the experiments of Yuasa et al. 7, 13 We also show that 1 ML thickness of Co interlayers at both interfaces yields the highest TMR ratio.
In the experiments 7,13 the thickness of the Co͑001͒ electrode is set at about 4 ML between Fe and MgO to retain the bcc structure due to larger MgO lattice constant. Neglecting the small lattice mismatch between experimental bulk bcc Co ͑2.82 Å͒ and Fe ͑2.86 Å͒ in our calculation, the inserted Co͑001͒ layers are fixed at the bulk Fe lattice constant of 2.86 Å. The MgO lattice constant is taken to be a factor of ͱ 2 larger than that of Fe. Thus all layers are matched epitaxially. Vertical relaxations between the layers may slightly change the effective Co layer thickness but should not have a noticeable impact on the qualitative behavior of the TMR ratio. The Co-O distance, atomic spheres, and the empty spheres in the Co insertion layers are chosen as the same as the interfacial Fe layers used in previous studies. 4, 12, 14 The electronic structure calculations are carried out using the layer Korringa-Kohn-Rostoker ͑Layer-KKR͒ implementation 15 of the local spin density approximation of the density functional theory. The self-consistent calculations are performed in the same manner as in Ref. 4 . Once the electronic structure is converged, the tunneling conductance is calculated using the Layer-KKR code, which implements the Landauer-Büttiker conductance formalism within the first-principles KKR framework. 4 Panels ͑a͒-͑l͒ in Figs. 1 and 2 show the effect of Co insertion layers at two Fe/MgO interfaces in -Fe/ Co͑x͒ / MgO͑8 ML͒ / Co͑x͒ / Fe-junctions for x =0,0.5,1,2,3, ... ,10 ML, respectively. For the case of x = 0.5 ML, half of the iron atoms at two interface Fe layers are replaced by cobalt atoms alternately to form a periodic square lattice containing two atoms per unit cell. The calculated transmission probability as a function of k ʈ with 1024 ϫ 1024 k ʈ points for two dimensional Brillouin zone ͑2DBZ͒ is shown in Figs. 1 and 2 Figs. 1͑a͒ and 2͑a͒ , at certain k ʈ points the transmission is strongly enhanced in minority-spin channel for the P configuration and both spin channels for the AP configuration; thus the tunneling of these states dominates the conductance in these channels. These points, also called hot spots, are from the IR states. Decreasing the thickness of the MgO barrier enhances the IR effect 4,11 for x = 0 ML. The results for majority-spin channel are not shown here because for all cases the calculated majority-spin current is peaked near the center of the 2DBZ. Only majority-spin ⌬ 1 states from Co and Fe/Co can be effectively transmitted through MgO͑001͒ barrier. 12 As is clearly seen from both Figs. 1 and 2, the Co interlayers with different thicknesses strongly modify the tunneling probabilities in 2DBZ. A notable feature of panel ͑c͒ in both Figs. 1 and 2 is the strong suppression of the IR state contributions that dominate the conductance channel for x = 0 ML and x = 0.5 ML cases, as shown in panels ͑a͒ and ͑b͒ in both figures. The dramatic change caused by 1 ML of Co interlayer is due to the interface electronic structure and Fe-Co hybridization, which makes the interface resonant band more dispersive, similar to the result for Fe/Ag͑1 ML͒/ MgO structure. 11 By further increasing the Co thickness, we find that the IR states appear again in minority-spin channel in P configuration as well as both spin channels for AP configuration, as shown in panels ͑c͒-͑l͒ in both Figs. 1 and 2 . Both the intensity of resonance effect and the positions of the IR states change with the thickness of the Co layer. For the AP configuration, the positions of the IR states are much closer to the center of the 2DBZ than that of minority-spin IR states in P configuration.
The tunneling conductance for each spin channel as well as the conductance ratio is shown in Fig. 3 . The conductance is calculated from an integral summing the transmission probability over the entire 2DBZ with 1024ϫ 1024 k ʈ points. Conductance ratio is defined as G P / G AP , where G P and G AP are the conductance for P and AP configurations, respectively. We see that the majority-spin conductance in the P configuration is nearly constant for all Co thicknesses, while the minority-spin channel in P configuration and both spin channels in AP configuration have large variations with the Co thickness. The changes in the conductance with the increasing Co thickness are not mononomic. x = 0.5 ML increases the IR effect but x = 1 ML dramatically decreases it. At larger thicknesses the minority-spin conductance increases because of the enhancement of the IR effect in Fig. 1 . There is also an oscillation in the AP conductance as a function of Co thickness with a period of about 2 ML. Such oscillation is not seen in the minority-spin channel of the P configuration. This may be due to different resonance conditions for markedly different locations of these states between Figs. 1 and 2 .
Although the change in minority-spin conductance is usually not large enough to cause a significant change in the TMR due to the dominant conductance channel of majority spin in the P configuration, the change in conductance in the AP configuration has a huge impact on the conductance ratio ͑also TMR͒, as seen in Fig. 3 . The AP conductance and the 1, 2, 3, 4, 5, 6, 7, 8, 9 , and 10 ML, respectively. The dependence on Co layer thickness is similar to the P minority-spin channel ͑Fig. 1͒. The resonance peaks are weakest for ͑c͒ x = 1 ML and ͑j͒ 8 ML.
conductance ratio both show an oscillation as a function of the Co interlayer thickness. For all thicknesses except for x = 7 ML and x = 9 ML, the TMR ratio is larger than that of pure Fe electrode ͑x =0 ML͒. The enhanced TMR effect in Ref. 7 corresponds to the cases for x =3-5 ML Co in Fig. 3 . Our results suggest that a smaller inserted Co interlayer of a thickness down to 1 ML with sharp interfaces is a possible way to achieve even higher TMR.
In conclusion, our calculation indicates that the IR states in -Fe/MgO/Fe-MTjs can be strongly modified by thin epitaxial Co interlayers inserted between Fe and MgO layers. The ultrathin Co interlayers with certain thicknesses can be used to eliminate the IR contribution to the conductance, thus enhancing the TMR ratio.
